With the fast advances in computing technology, contact dynamics simulations are playing a more important role in the design, verification, and operation support of space systems. The validity of computer simulation depends not only on the mathematical models but also on the model parameters. This paper describes a novel strategy of identifying contact dynamics parameters based on the sensor data collected from a robot performing contact tasks. Unlike existing identification algorithms, this methodology is applicable to complex contact geometries where contact between mating objects occurs at multiple surface areas in a time-variant fashion. At the same time, the procedure requires only measurements of end-effector forces and the position information for the end-effector and the environment. Similarly to other methods, the solution is formulated as a linear identification problem, which can be solved with standard numerical techniques for overdetermined systems.
INTRODUCTION
Contact or constrained tasks comprise the most important and difficult aspect of robotic operations. They arise in numerous applications ranging from standard robotic welding, to parts assembly, to the more exotic operations of particular interest to us -those of space station manipulators. Computer simulations play a key role in the development and operation of space systems because of the difficulty in performing groundbased hardware testing and hardware-in-the-loop simulations. Modeling and simulation of constrained robotic tasks have progressed significantly in the past decade. At present a number of approaches are available to capture the contact dynamics associated with these tasks in the context of general multibody simulation [1] [2] [3] [4] [5] . One such approach [3] has been developed and implemented by Macdonald Dettwiler Space and Advanced Space Robotics Ltd. (MD Robotics) as a generic Contact Dynamics Toolkit (CDT) as part of its Manipulator Development and Simulation Facility (MDSF). The resulting contact dynamics modeling and simulation capability has played an important role in supporting the development of the new generation of Canadian space robots being designed and built by MD Robotics for the International Space Station. The Space Station Remote Manipulator System (SSRMS) and the upcoming Special Purpose Dexterous Manipulator (SPDM) are two robotic systems in the Mobile Servicing System, to be used for the assembly and maintenance of the International Space Station.
The success of using a computer simulation depends on the following two aspects:
(1) The fidelity of the simulation facility, in particular, validity of basic modelling theories, numerical algorithms, computer software, and simulation processing.
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MECH TOC (2) The accuracy of the model parameters used as inputs to the software to represent the physical system being simulated.
Over the past ten years, MD Robotics has made significant investments in (1) above, culminating in an experimental validation of the contact dynamics capability of CDT in MDSF with the University of Victoria Robotics test-bed [6] . The research described here addresses the second issue, namely the determination of model parameters for contact dynamics required by simulation models. Specifically, the objective is to identify stiffness, damping and friction parameters of the contact interface between payloads and their environment. Ideally, the space-environment contact parameters would be identified based on manipulator sensor data (i.e., flight data) obtained from normal operations in space. By employing the well-calibrated position, velocity, and force sensor information available from space manipulators and the mature and validated mathematical models of such systems, contact dynamics parameters may be accurately estimated. This will lead to the use of contact dynamics simulations with a high-degree of confidence to support space operations and mission planning.
To our knowledge, the aforementioned approach to contact parameter identification has not been studied previously and therefore new methodologies must be developed. There are challenges to meeting this overall objective because the sensor systems onboard space robots are usually designed strictly for assisting control and operation purposes, and not for parameter identification. In general, the latter task is more demanding in terms of sensing capability and accuracy. Hence, the shorterterm objective of the present research is to develop algorithms for identifying contact parameters from normal robotic operations. Ultimately, it is our goal to test these methods with the experimental data collected from space robotic operations.
Background
Our research on contact parameter identification has evolved in several stages. Initial efforts were directed to contact stiffness and damping estimation for simple contact geometry: one-point contact. Existing methods in literature were examined and two of them -the indirect adaptive and recursive-least-squares -were implemented in simulation and subsequently, evaluated experimentally by using the robotics test-bed at the University of Victoria. These methods are based on the original work of Seraji and Colbaugh [7] and Love and Book [8] , respectively, with some modifications introduced in our implementation. The two methods were originally developed for on-line parameter estimation in the context of robot impedance and force controls. As already alluded, the algorithms are inherently based on a one-point contact model between the manipulator payload and its environment and therefore require measurement of the force and displacement at the contact point.
Based on our study, it was concluded that contact stiffness identification is feasible if one can measure the normal force and corresponding displacement at each contact point. Accurate identification of contact damping is not likely to be possible unless specially designed (persistently exciting) manoeuvres are used. Some estimation of contact damping may occur during the transient response at the initial and final phases of the contact, provided the convergence rate of the algorithm is sufficiently fast [9] .
These initial investigations demonstrated that existing algorithms have the capability to accurately estimate contact stiffness, damping, and friction parameters, if sufficient measurements of the dynamics at each contact point are available. This condition can be met when the robot's contact with the environment is a single-point contact since in this case the local contact force and displacement can be easily derived from the force and position data sensed by the robot's endeffector sensors. However, practical constrained robotic tasks involve complex payload and environment geometries and inevitably, complicated contact situations whereby contact takes place at multiple points simultaneously. At the same time, it is reasonable to expect that any practical contact operation will likely involve some single-contact phases, most likely in the beginning of the contact, and possibly, briefly thereafter. This motivated us to propose an algorithm for isolating these single-contact phases during the constrained manoeuvre by using the force sensor data from the robot end-effector. It is then possible to apply the identification methods for singlepoint contact to complex payload and environment geometries. The resulting methodology, described in detail in [10] , was applied successfully to identify contact friction for the Integrated External Assembly battery (IEA) mating operation.
About this paper
The focus of the present work is to develop a general identification strategy capable of dealing directly with mutiplecontact cases, but without the severe requirements of measuring the forces and displacements at each contact point. The proposed solution involves using the assumed contact force model to eliminate the unkown local contact forces from the force equilibrium equations of the payload. As such, it requires determination of the interference distance and rate at all contact points, which is feasible with the knowledge of the geometry of the contacting bodies and the reference motion measurements for both objects. In fact, the latter constitutes a well-known geometric problem of distance and interference determination. The apporach can be used to identify all contact parameters simultaneously and it allows application of the well-developed standard numerical identification techniques to general contact scenarios.
Following the presentation of the contact dynamics model and the derivation of the identification algorithm for multiplecontact scenarios (Sections 2 and 3), the performance of the method is demonstrated by using the aforementioned numerical example of the IEA mating maneouver (Section 4). This example, implemented in simulation, validates the methodology and supports feasibility of the proposed approach to contact parameter identification.
CONTACT DYNAMICS MODEL
The contact dynamics formulation employed in the present research is based on a continuous description of the contact between the objects. In particular, the contact force in the normal direction is specified as an explicit function of the deformation at the contact point. This is done by assuming a spring-dashpot model for the interaction locally normal to the contacting surfaces. Thus, the magnitude of the normal contact force is defined as:
where δ is the local indentation, δ & its time derivative, k and b are the contact stiffness and damping coefficient.
The model for the contact friction force in the tangential direction is a generalization of the integrated bristle friction model [3] . Thus, the friction force at the contact point is defined as:
where k f is the bristle stiffness. The vector s represents bristle displacement, which is calculated as:
where t 0 is the start time of the contact at that point, v t the relative tangential velocity and parameter s max is the maximum allowable deflection of the bristle. The latter varies from one 
IDENTIFICATION ALGORITHM

Derivation
A typical multiple-point contact is illustrated in two dimensions in Figure 1 , where we assume that the following information is available to the algorithm:
• total contact force between end-effector and environment, F R ; • geometry of the payload and the environment;
• position and orientation of the payload and the environment.
The above 3-D data can be extracted from measurements collected by the sensors on the robot, as well as from the design data for the payload/fixture combinations. In particular, in the gravity-free environment of space and for slow operational speeds, the total contact force exerted on the payload can be obtained directly from the wrist force sensor with no additional measurements. The geometries of the manipulator payload and environment are assumed to be polygonal and hence each mating object is defined by a set of surface normals, {n}, expressed in the corresponding body frames. It is also assumed that position and orientation of a reference frame of the payload and fixture can be extracted from the information provided by the vision system of the manipulator.
Then, the first step in the derivation of the algorithm is to write down the equation of static equilibrium for the payload, based on our assumption of quasi-static operation:
where F i is the contact force at contact location i, applied by environment to the end-effector.
Next, we decompose each F i into its normal and tangential components 1 :
1 Note: i t is defined here to be opposite to the relative tangential velocity. 
where δ I is the interference distance at the contact point. For the purposes of simplifying the derivation, we simplify the model of the tangential force at the contact point by assuming that all contact points are sliding. In this case, the bristle model of Section 2 reduces to Coulomb's law for sliding so that:
Substituting from (7) and (8) into (6) and then the result into (5) yields
and
The above equation can now be used to reformulate the problem as the contact parameter identification problem. In particular, by factoring out the contact parameters we obtain the following system of linear equations for the contact parameters k i , b i , and
The above equation serves as a basis for the development of the identification procedure, as described in the following section.
Identification Procedure
Inspection of equation (11) Since the above variables depend strictly on the geometry of the contacting bodies, their computation can be achieved by using a virtual environment, which simulates the real environment. For our research we used the software library developed by MD Robotics, called Contact Dynamics Toolkit (CDT). The central part of this toolkit is the interference distance determination routine 'mindist' [11] which we implemented in our algorithm, as shown in Figure 2 .
To be specific, for a given (measured) position and velocity of the robot end-effector (payload) The identification problem of equation (11) is simplified further by assuming that the contact parameters are identical at all contact points, i.e., k i = K, b i = B, µ i =µ. Then equation (11) becomes:
which defines a standard linear identification problem. At any instant, equation (12) represents a system of three equations in three unknowns. It can be solved for the unknown contact parameters by using different instantaneous or recursive techniques, to provide a time history of the estimated results. Alternatively, we can assemble equations of the form (12) for all time steps into a single global overdetermined system:
The contact parameters can then be obtained by using a standard least-squares technique, provided Φ is full rank or sufficiently rich. Note also that direct solution of (12) or (13) yields estimates for K and (µK) from which µ is calculated as (12), with appropriate modifications to ϕ and addition of k f to the vector of parameters to be identified.
We conclude the presentation of the algorithm by observing that the quality of estimation might be improved by making use of the moment measurements in addition to the force data collected with the force/moment sensor. In this case equation (12) is augmented to give:
where R M is the total moment on the end-effector and r i denotes the position of contact point i with respect to the endeffector frame. The latter is also calculated by mindist routine.
BENCHMARK TEST: IEA BATTERY DROP TEST
The contact parameter identification algorithm for multiplepoint contact proposed in the previous section requires a critical validation. To this end, a benchmark test was developed by using numerical simulation with the CDT. It is a standalone, self-contained, software library, which is capable of:
• modelling arbitrary contacts between objects whose bounding surfaces are planar and/or quadratic; • simulating both intermittent and sustained contact;
• simulating multiple contacts simultaneously happening in un-prescribed areas;
• simulating major physical phenomena resulting from contact such as: impact, bounce, slide, roll, spin, stick, stick-slip, jam and wedge. The user prescribed inputs to CDT include: geometry of the contacting bodies, values of contact parameters and simulation parameters. The outputs of CDT are the resulting motions of the two bodies and the forces/moments exerted by the two bodies on each other. Modifications were implemented to CDT to allow output of additional variables required by the identification algorithm, in particular:
• total number of contact points;
• positions of contact points;
• interference distance and interference rate at each contact point; • normal vector and tangential velocity at each contact region.
Test case definition
The numerical example considered was adapted from Ma [12] and represents a slow drop of the IEA battery into a stationary fixture, as shown in Figure 3 . This test payload represents a real Space Station payload to be operated by SPDM. The model has been implemented and maintained by MD Robotics for supporting SPDM development and operations.
As mentioned earlier, simulations of this test-case were carried out with the CDT, using the following contact parameters as inputs:
• stiffness K = 10 6 N/m; • damping B = 0 kg/s or 250 kg/s;
• coefficient of friction µ = 0.27.
In this case, the force exerted by the fixture on the falling body is used to emulate the total end-effector force F R employed in the identification procedure of Section 3.
To illustrate the performance of the identification algorithm for a range of operations, results are presented for two testcases. In the first case, the battery body is dropped under the action of normal gravity from height 0.4 m, while in the second case, small gravity (g = 0.01 m/s 2 ) and height of 0.06 m were used.
Identification
The initial tests were performed with a simplified contact model, which accounts for contact stiffness and friction only. This was motivated by our previous experience with identification for one point contact geometry, which uncovered the difficulties of identifying damping. For this particular case equation (12) simplifies to:
Results for the normal and low gravity test cases, in the absence of contact damping, are presented in Figures 4 and 5 respectively. In each, the top 3 plots display information characterizing the motion and the dynamics of the system, in particular the vertical position of the falling body, the magnitude of total contact force and the number of contact points, all as a function of time. These demonstrate, for example, that in the low gravity case the battery jams after the first rebound. In the normal gravity case where the mating of the two bodies is successful, the number of contact points tends to fluctuate around ten during the 'settling' period after the second rebound. In the bottom two plots, we show the results of contact stiffness and friction estimation as obtained by solving equation (15) at each time step. In these plots, we also indicate the solutions calculated by solving the global leastsquares (LS) problem of equation (13).
The results in Figures 4 and 5 demonstrate that the contact stiffness is identified very accurately, for both the fast and slow drops (global LS errors of 1.3% and 0.1% respectively). However, friction estimation is particularly poor for the low gravity case with the global least-squares prediction in error by 96%. The reason for this lies in the fact that while the battery is jamming, sticking occurs at many of the contact points, which invalidates our identification model based on the slidingfriction assumption.
In principle, the performance of the algorithm should be improved by excluding instants when sticking occurs from the identification solution. This hypothesis was investigated by solving the global problem without the time steps when a significant percentage of contact points is classified as sticking. Results, not presented here, showed a dramatic improvement of friction identification with error reduced to nearly 0% for the slow battery drop [13] .
Returning to the original identification problem, including damping, the corresponding results are shown in Figure 6 for the normal gravity drop test. These results clearly demonstrate the feasibility of contact parameter estimation, including damping. Once again, we note that friction identification can be improved by excluding the data towards the end of the mating manoeuvre when a high percentage of contact points are in the sticking regime.
Sensitivity to noise
The results of Section 4.2 demonstrated the possibility of parameter identification for multiple-contact scenarios. However, a simulated evaluation provides only a limited demonstration of the algorithm performance because "simulated measurements" are free of noise present in all physically measured data. To emulate the effect of noise and quantization on the identification results, the position and force information generated with CDT were corrupted with random noise of amplitude ±0.002 m and ±0.007 N respectively. In addition, the resulting noisy data were quantized to emulate the A/D conversion by using the fixed value of 0.007 N for force quantization. Two position quantization values were tested: 0.5 mm and 1 mm. These represent a realistic order of magnitude for quantization associated with practical sensors.
Identification results obtained with the global least-squares solution by using the corrupted data are summarized in Tables 1  and 2 for the normal gravity drop. Table 1 presents the errors in contact parameter estimates calculated by using the corrupted data directly. Table 2 presents the results obtained with corrupted data filtered with Butterworth filter with a cutoff frequency of 50 Hz. The error estimates in Table 1 reveal that the identification algorithm is sensitive to noise and measurement accuracy. This is particularly evident in the estimates of damping and friction, which are not at all identifiable when position quantization is set to 1 mm. Interestingly, stiffness estimation is surprisingly robust with the error increasing to only 5%. It appears that although the position inaccuracies have a large effect on the detailed contact geometry (e.g., number and location of contact points), the predictions of effective contact stiffness are only slightly perturbed.
The estimates displayed in Table 2 obtained with filtered data show a small improvement in the estimation of friction but no substantial difference to the quality of stiffness and damping estimates. It is likely, however, that more may be gained by optimizing the filter properties or by using an alternative signal processing approach. We have also investigated the effect of incorporating moment measurements into the estimation, as per equation (14). The results obtained with filtered data are shown in Table 3 
CONCLUSIONS
In this paper, we presented a novel formulation of environment parameter identification problem for constrained robotic operations. Unlike existing identification algorithms, our methodology is applicable to complex contact geometries where contact between mating objects occurs at multiple contact points in a time-variant fashion. At the same time, the procedure requires only measurements of end-effector forces and the position information for the end-effector and the environment. Similarly to other methods, the solution is formulated as a linear identification problem, which can be solved with standard numerical techniques for overdetermined systems. The efficacy of the algorithm is demonstrated with a simulated test-case of a battery drop into a stationary fixture. The corresponding results show the validity of the approach, but as well, its sensitivity to measurement inaccuracies. Further research is required to improve the performance of the algorithm, in particular, the accuracy of contact friction identification and immunity to measurement noise. 
